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HIGHLIGHTS 


•  Flexible,  transparent,  ITO-free  and  all 
solid  supercapacitor. 

•  Excellent  performance  and  improved 
stability  under  bending. 

•  Active  layer  based  on  thin  films 
(approximately  120  nm)  prepared  in 
an  innovative  way. 

•  Complex  material  for  electrochemical 
energy  systems  prepared  in  liquid 
—liquid  interfaces. 
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The  present  work  describes  for  the  first  time  the  synthesis  and  characterization  of  single  wall  carbon 
nanotubes/polyaniline  (SWNTs/PAni)  nanocomposite  thin  films  in  a  liquid-liquid  interface,  as  well  as  the 
subsequent  construction  of  a  flexible  all-solid  supercapacitor.  Different  SWNTs/PAni  nanocomposites 
were  prepared  by  varying  the  ratio  of  SWNT  to  aniline,  and  the  samples  were  characterized  by  scanning 
and  transmission  electron  microscopy,  Raman  and  UV— Vis  spectroscopy,  cyclic  voltammetry  and  elec¬ 
trochemical  impedance  spectroscopy.  The  pseudo-capacitive  behavior  of  the  nanocomposites  was 
evaluated  by  charge/discharge  galvanostatic  measurements.  The  presence  of  the  SWNTs  affected  the 
electronic  and  vibrational  properties  of  the  polyaniline  and  also  improved  the  pseudo-capacitive 
behavior  of  the  conducting  polymer.  A  very  thin  and  flexible  all-solid  device  was  manufactured  using 
two  electrodes  (polyethylene  terephthalate-PET  covered  with  the  SWNT/PAni  nanocomposite  separated 
by  a  H2SO4-PVA  gel  electrolyte).  The  pseudo-capacitive  behavior  was  characterized  by  a  volumetric 
specific  capacitance  of  approximately  76.7  F  cm-3,  even  under  mechanical  deformation,  indicating  that 
this  nanocomposite  has  considerable  potential  for  application  in  new-generation  energy  storage  devices. 
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1.  Introduction 

In  recent  years,  the  development  of  energy  storage  technology 
has  become  very  important  as  clean  energy  generation  from  flex¬ 
ible,  thin  and  lightweight  devices  has  been  developed.  Super¬ 
capacitors  are  highly  promising  candidates  to  fulfill  these  energy 
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storage  requirements,  as  these  devices  combine  the  high  storage 
capacity  of  batteries  along  with  the  fast  and  efficient  energy  release 
of  capacitors  [1].  Supercapacitors  can  be  divided  in  two  types:  the 
double-layer  capacitor  and  the  pseudo-capacitor,  which  differ 
strictly  in  their  charge  storage  mode.  In  the  double-layer  capacitor, 
the  capacitance  results  from  the  separation  of  charges,  being  purely 
electrostatic.  Meanwhile,  in  the  pseudo-capacitor,  the  capacitance 
results  from  a  Faradaic  process,  meaning  that  the  storage  occurs  in 
response  to  a  redox  reaction  1,2]. 

Carbon-based  materials,  conducting  polymers  and  metal  oxides 
are  broadly  applied  singly  or  as  composites  in  the  development  of 
supercapacitors.  As  carbonaceous  materials,  single  wall  carbon 
nanotubes  (SWNTs),  which  generally  present  double-layer  capaci¬ 
tive  behavior,  are  powerful  materials  that  are  applied  as  electrodes 
for  supercapacitors  due  to  their  desirable  properties  such  as  high 
surface  area,  porosity  and  electrical  conductivity  [3,4].  Polyaniline 
(PAni),  a  conducting  polymer  with  capacitive  properties  from  a 
Faradaic  process,  is  another  material  widely  applied  as  a  super¬ 
capacitor  due  to  its  unique  properties  such  as  environmental  sta¬ 
bility,  facile  preparation,  high  doping  level  and  fairly  high 
conductivity  [2,5,6].  The  charge  is  stored  from  the  redox  process  of 
the  polyaniline  into  its  different  forms  (e.g.,  the  transition  from  the 
leucoemeraldine  to  the  emeraldine  form),  which  is  accompanied  by 
the  intercalation  and  depletion  of  the  counter  ions.  Besides  the 
conducting  polymers  as  polyaniline,  several  metal  oxides  present 
pseudocapacitive  behavior  from  Faradaic  process,  being  the  Ru02 
the  most  promissory  material  due  to  the  high  specific  capacitance 
and  good  electronic  conductivity  [7].  Meanwhile,  compared  to  the 
metal  oxides,  the  conducting  polymers  are  advantageous  due  to 
easiness  in  synthesis  and  flexibility  [8]. 

The  combination  of  carbon  nanomaterials  (such  as  CNTs)  with 
electroactive  materials  (conducting  polymers/metal  oxides)  is 
widely  studied.  The  addition  of  Ru02  in  a  CNTs  matrix  provided  a 
significant  increase  in  the  specific  capacitance  [7].  CNTs/PAni 
nanocomposites  obtained  by  chemical  9,10]  and  electrochemical 
[11]  methods  of  aniline  polymerization  has  proven  very  successful 
in  achieving  high  values  of  capacitance.  The  reasons  for  such  per¬ 
formances  of  CNTs/PAni  nanocomposites  are  the  increase  of  the 
polyaniline  stability  due  to  the  presence  of  the  CNTs,  the  formation 
of  a  porous  network  that  provides  electrolyte  permeation  through 
the  entire  sample  and  the  enhancement  in  the  conductivity  and 
charge-transfer  behavior  of  the  conducting  polymer  [11,12]. 

In  addition  to  the  synthesis  of  thin  and  easily  handled  nano¬ 
composites  for  applications  in  capacitors,  the  modern  market  de¬ 
mand  is  driving  the  production  of  flexible,  lightweight  and  all-solid 
devices  capable  of  retaining  pseudo-capacitive  behavior  even  un¬ 
der  mechanical  deformation.  The  construction  of  a  flexible,  simple 
and  safe  device  is  possible  using  an  all-solid  capacitor  when  the 
liquid  electrolyte  generally  used  in  conventional  devices  is  replaced 
with  a  gel  electrolyte.  Recently,  many  efforts  have  been  made  in  the 
development  of  all-solid  devices  from  carbon  nanotubes  and  pol¬ 
yaniline  13—16],  in  addition  to  other  capacitors  with  different 
capacitive  materials,  gel  electrolytes  and  device  configuration  17— 
21].  Meanwhile,  the  fabrication  of  an  all-solid  pseudo-capacitor 
from  a  thin,  flexible  and  freestanding  CNT/PAni  nanocomposite  has 
not  yet  been  reported. 

Even  though  several  reported  composites  present  impressive 
values  of  specific  capacitance,  most  of  them  display  some  type  of 
limitation  in  their  processability,  requiring  multiple  steps  for  the 
conversion  of  the  nanocomposites  to  films,  the  use  of  external 
matrices  for  the  nanocomposite  deposition  during  synthesis,  as  in 
the  case  of  buckypaper-like  devices  [15],  or  a  previous  synthesis  of 
CNT  films  for  the  electrochemical  deposition  of  PAni  [11].  Hence, 
the  development  of  a  completely  new  method  to  obtain  a  nano¬ 
composite  in  a  single  step  is  extremely  interesting.  Our  previous 


report  showed,  for  the  first  time,  the  synthesis  and  characterization 
of  multi-walled  carbon  nanotubes/polyaniline  (MWNTs/PAni) 
nanocomposites  as  thin  films  from  the  interfacial  method  [22],  and 
its  utilization  as  transparent  and  flexible  electrodes  in  a  solar  cell 
[23].  This  method  was  further  extended  to  graphene/polyaniline 
nanocomposites  [24]  and  also  enables  the  synthesis  of  nano¬ 
composites  using  SWNTs,  which  have  displayed  superior  features 
as  capacitors  compared  with  MWNTs,  due  to  their  desirable  prop¬ 
erties  such  as  high  surface  area  and  electrical  conductivity. 

The  present  work  reports  three  main  goals:  the  synthesis  of 
SWNTs/PAni  nanocomposites  as  thin  and  freestanding  films  in  a 
liquid— liquid  interface;  the  deposition  of  these  films  over  flexible 
substrates  for  the  construction  of  all-solid  capacitors;  and  the 
characterization  of  both  the  nanocomposites  and  the  device. 

2.  Experimental  section 

The  SWNTs  (Unydim-HiPCO)  with  a  diameter  of  0.8-1.2  nm  and 
a  length  of  100-1000  nm  were  used  as  received.  Aniline  (Acros) 
was  distilled  twice  before  use.  Chloroform  (Biotec),  toluene  (Carlo 
Erba),  sulfuric  acid  (Carlo  Erba)  and  ammonium  persulfate  (Acros) 
were  used  as  received.  All  solutions  were  prepared  in  deionized 
water  (Milli-QUltra-Pure-Water  Purification  System). 

The  SWNT/PAni  nanocomposite  films  were  synthesized  by  a 
liquid— liquid  interfacial  polymerization,  adapted  from  our  previous 
report  [22].  All  reagent  amounts  are  summarized  in  Table  1.  Firstly, 
a  SWNT  dispersion  in  chloroform  (3.12  mg  L^1)  was  prepared  using 
an  ultrasonic  probe  system  with  40%  amplitude  for  10  min  (Cole- 
Palmer  ultrasonic  processor).  The  dispersion  was  maintained  in  an 
ice-bath  to  avoid  solvent  evaporation.  The  aniline  was  added  to  the 
dispersion,  and  subsequently,  the  resulting  mixture  was  transferred 
to  a  round-bottom  flask  containing  ammonium  persulfate  (APS) 
previously  dissolved  in  30  mL  of  a  1  mol  L-1  H2SO4  aqueous  solu¬ 
tion.  The  resulting  system  was  maintained  under  magnetic  stirring 
(approximately  750  rpm)  for  22  h  at  room  temperature.  Afterward, 
the  magnetic  stirring  was  stopped,  and  a  thin  and  freestanding  film 
was  formed  at  the  chloroform/water  interface.  The  aqueous  phase 
was  removed  and  renewed  several  times  with  a  H2S04  (pH  3) 
aqueous  solution  until  this  pH  was  reached  to  remove  excess  of 
acid.  The  organic  phase  was  also  removed  and  renewed  three  times 
to  remove  any  side  products.  Finally,  the  chloroform  was  changed 
by  toluene  to  facilitate  the  removal  of  the  interfacial  film.  The  two- 
phase  system  containing  the  nanocomposite  film  was  transferred 
to  a  beaker  containing  a  substrate  (the  synthesis  and  film  removal 
are  presented  in  Fig.  SI).  The  substrate  was  removed  using  twee¬ 
zers,  and  the  interfacial  film  was  deposited  over  it.  Neat  SWNT  and 
PAni  (in  the  same  ratio  of  aniline  in  the  SWNTs/PAni  1 :96  nano¬ 
composite)  films  were  also  synthesized  following  the  same  pro¬ 
cedure  described  above.  The  SWNTs/PAni  1:96  nanocomposites 
and  raw  PAni  with  2  and  3  layers  were  prepared.  Firstly,  one  layer  of 
nanocomposite  (or  raw  PAni)  was  deposited  over  the  substrate,  as 


Table  1 

Experimental  data  for  the  different  samples  synthesized. 


Sample 

Mass  of 

CNT  (mg) 

Volume  of 
aniline  (pL) 

Mass  of  APS  (mg) 

SWNT 

0.1 

- 

SWNT/PAni  1:16 

0.1 

1.6 

1.02 

SWNT/PAni  1:96 

0.1 

9.6 

6.12 

SWNT/PAni  1:144 

0.1 

14.4 

9.19 

PAni 

9.6 

6.12 

MWNTcommercial/PAni 

0.1 

9.6 

6.12 

MWNT-Fe/PAni 

0.1 6a 

9.6 

6.12 

a  Considering  37.2%  of  Fe-species  residue. 


36 


V.H.R.  de  Souza  et  al.  /  Journal  of  Power  Sources  260  (2014)  34-42 


illustrated  in  Fig.  SI.  Next,  the  substrate  was  maintained  for  30  min 
at  80  °C,  and  a  subsequent  other  layer  was  deposited  following  the 
same  procedure.  The  deposition  of  the  third  layer  also  followed  the 
same  methodology.  For  comparison,  other  composites  were  syn¬ 
thesized  using  commercial  multiwall  carbon  nanotubes 
(NANOCYL-CCVD)  with  an  average  diameter  of  approximately 
9.5  nm  and  a  length  of  1500  nm,  as  well  as  using  a  home-made 
multiwall  carbon  nanotubes  filled  with  iron  species  (Fe-MWNTs) 
[25]  with  a  diameter  of  approximately  70  nm  and  an  average  length 
of  2000  nm,  maintaining  the  same  proportion  of  carbon  and  aniline 
in  the  SWNTs/PAni  1 :96  nanocomposite. 

An  all-solid,  highly  flexible  pseudo-capacitor  was  fabricated 
from  the  SWNT/PAni  1:96  nanocomposite  as  follows.  First,  the 
nanocomposite  (synthesized  as  described  before)  was  deposited 
over  a  flexible  substrate  (PET  covered  with  a  chromium/gold  layer 
for  electric  contact).  Then,  the  two  substrates  were  immersed  in  a 
H2SO4-PVA  (polyvinyl  alcohol)  gel  electrolyte  13],  removed  and 
dried  for  30  min  at  35  °C.  Afterward,  one  of  the  electrodes  was 
immersed  again  in  the  gel  electrolyte,  removed  and  pressed  over 
another  dried  electrode.  The  new  device  was  dried  for  30  min  at 
35  °C,  resulting  in  a  pseudo-capacitor  with  a  thin  separating  layer  of 
H2SO4-PVA  gel  electrolyte. 

The  morphology  and  the  structure  of  the  SWNT/PAni  nano¬ 
composites  and  the  raw  films  were  characterized  by  scanning 
electron  microscopy  (SEM-FEG/Tescan)  and  transmission  electron 
microscopy  (TEM,  JEOL  JEM  120  KV  instrument).  The  images  were 
recorded  directly  from  the  films  previously  deposited  over  silicon 
oxide  and  standard  copper  grids,  respectively. 

The  electronic  structure  was  characterized  by  UV-Vis  spec¬ 
troscopy  (Shimadzu  UV-2450  spectrophotometer).  The  spectra  of 
the  composites  were  recorded  over  quartz  substrates. 

Raman  spectra  (Renishaw  Raman  Image  spectrophotometer) 
were  acquired  using  an  excitation  line  of  1.96  eV  (632.8  nm/FIe-Ne 
laser). 

All  of  the  electrochemical  characterization  was  recorded  using 
an  Autolab  potentiostat  (Eco-Chimie)  that  was  interfaced  to  a  PC 
with  GPES  4.9  software.  The  conventional  three-electrode  cell 
consisted  of  the  films  (active  area  =  1.5  x  0.5  cm)  deposited  over 
fluorine-doped  tin  oxide  glass  as  the  working  electrode,  Pt  wire  as 


the  counter  electrode  and  Ag/AgCl  as  the  reference  electrode.  The 
electrolyte  was  a  1  mol  L-1  FI2SO4  aqueous  solution.  Cyclic  vol¬ 
tammetry  (CV)  was  recorded  in  the  range  of  0.2-0.95  V  at  a  scan 
speed  of  20  mV  s_1.  The  galvanostatic  charge/discharge  measure¬ 
ments  of  the  films  were  recorded  in  the  voltage  range  of  0-0.6  V  at 
10.82  pA. 

The  all-solid  pseudo-capacitor  was  characterized  by  CV  in  a 
range  of  0-0.8  V  at  a  scan  speed  of  10  mV  s-1,  connecting  the 
working  electrode  to  one  of  the  electrodes  and  the  counter  elec¬ 
trode  along  with  the  reference  to  another  electrode.  The  same 
configuration  was  used  for  the  galvanostatic  charge/discharge 
measurements  over  a  voltage  range  of  0-0.8  V  at  10.82  pA  and  the 
stability  was  set  between  0  and  0.5  V  during  1000  cycles. 

The  electrochemical  impedance  spectroscopy  (EIS)  was  per¬ 
formed  using  the  NOVA  software  in  a  range  of  104  to  10~2  FIz  with 
amplitude  of  10  mV.  The  equivalent  circuit  was  generated  using  the 
ZView  software. 

The  thickness  of  the  films  was  measured  using  a  Dektak  150 
Veeco  surface  profilometer  with  a  0.1  pm  resolution  and  1  mg  of 
probe  strength. 

3.  Results  and  discussion 

Fig.  1  shows  the  SEM  images  recorded  for  the  SWNT,  PAni  and 
the  nanocomposite  films  deposited  over  silicon  oxide.  The  presence 
of  rough  and  uniform  aggregates  of  nanofibers  is  dominant  in  the 
morphology  of  the  neat  PAni  (Fig.  1(a)).  In  some  regions  of  the  film, 
it  is  possible  to  estimate  the  diameter  of  the  nanofibers,  which  is 
approximately  50  nm.  The  formation  of  fibers  is  characteristic  for 
PAni  obtained  by  interfacial  polymerization  [26-28].  A  network  of 
interconnected  small  bundles  of  SWNTs  can  be  observed  in 
Fig.  1(b).  The  SWNTs  are  randomly  arranged  in  a  monolayer  of 
carbon  nanotubes,  and  the  diameter  of  the  bundles  is  approxi¬ 
mately  10-50  nm.  The  morphology  of  the  nanocomposites  is 
directly  related  to  the  SWNTs/aniline  ratio  (Fig.  1(c)— (e)).  At  low 
SWNTs/PAni  ratios  (Fig.  1(c)),  an  array  of  well-distributed  SWNT 
bundles  covered  with  a  thin  layer  of  polyaniline  is  observed.  When 
the  aniline  ratio  is  increased,  the  small  polyaniline  nanofibers 
preferentially  covering  the  carbon  nanotubes  (Fig.  1(d))  are 


Fig.  1.  SEM  images  of  the  samples:  (a)  neat  PAni;  (b)  SWNT;  (c)  SWNT/PAni  1:16;  (d)  SWNT/PAni  1:96  and  (e)  SWNT/PAni  1:144. 
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predominant.  Finally,  the  formation  of  large  plates  of  randomly 
distributed  polyaniline  nanofibers  can  be  observed  at  higher 
SWNTs/PAni  ratios  (Fig.  1(e)).  The  SWNTs  are  well-dispersed  in  all 
the  nanocomposites,  causing  the  polyaniline  to  spread  throughout 
the  film,  resulting  in  a  more  accessible  area. 

Through  the  TEM  images  of  the  neat  SWNT  and  SWNT/PAni  1:16 
and  1:96  nanocomposites  (Fig.  2(a)-(c),  respectively),  it  is  possible 
to  confirm  the  randomly  and  interconnected  arrangement  of  the 
SWNTs.  Also  is  possible  observe  the  polyaniline  covering  the  CNT 
bundles  in  the  nanocomposites.  Small  particles  of  the  catalyst  can 
also  be  observed  in  all  the  SWNT-containing  samples,  once  the 
SWNTs  have  been  used  without  any  previous  treatment. 

The  Raman  spectra  of  the  SWNTs  and  the  nanocomposites, 
collected  with  a  laser  emitting  at  632.8  nm,  are  shown  in  Fig.  3(a). 
The  SWNT  spectrum  (Fig.  3(a-I))  shows  two  dominant  features: 
the  radial  breathing  modes  (RBM)  at  approximately  200-290  cm-1 
and  the  G-band,  which  is  divided  into  G+  (1593  cm-1)  and  G- 
(1556  cm-1),  associated  with  the  vibrations  of  the  carbon  atoms 
along  the  nanotube  axis  and  in  the  circumferential  direction, 
respectively.  Other  observed  bands  include  the  disorder-induced  D- 
band  (1310  cm-1)  and  the  second-order  overtone  2D  (or  G')  band 
(2610  cm-1)  [29,30].  The  Raman  spectrum  of  the  neat  PAni  shows 
the  characteristic  profile  of  emeraldine  salt,  as  can  be  seen  in  the 
Fig.  S2  [27,31-33].  The  PAni  obtained  in  the  nanocomposites 
(Fig.  3(a)  II — IV)  presented  two  different  vibrational  behaviors  from 
the  neat  PAni  (Fig.  3(b)).  First,  a  band  shift  of  1168  cm-1  to 
1173  cm-1  was  observed  for  all  the  nanocomposites.  This  shift  in¬ 
dicates  that  the  SWNTs  stabilize  the  PAni  in  the  polaronic  form  of 
the  emeraldine  salt.  The  second  difference  is  the  absence  of  some 
bands  in  the  nanocomposites  spectra  that  correspond  to  the  cross- 
linked  portion  (577,  1393  and  1643  cm-1),  indicating  that  the 
SWNTs  avoid  (or  prevent)  the  PAni  reticulation.  The  same  behavior 
was  also  observed  for  MWNT/PAni  nanocomposites  synthesized  by 
the  interfacial  method  [22]. 

The  electronic  behavior  of  the  thin  films  was  characterized  by 
UV-Vis  spectroscopy  (Fig.  4(a)).  An  intense  band  at  281  nm  is 
observed  in  the  UV-Vis  spectra  of  the  SWNTs  (Fig.  S3),  assigned  to 
tu-tt*  transition  of  the  carbon  nanotubes,  besides  the  interband 
transitions  for  metallic  (400-650  nm)  and  semiconducting  (550- 
900  nm)  SWNTs  [34,35].  The  UV-Vis  spectrum  of  the  neat  PAni 
confirms  that  it  is  in  the  emeraldine  salt  form,  with  bands  at 
348  nm,  corresponding  to  the  tz—tz*  transition  (valence  to  con¬ 
duction  transition  band),  and  at  446  nm  and  a  broad  band  at 
approximately  756  nm,  both  corresponding  to  the  transition  of  the 
valence  to  polaronic  band  [33,36,37].  In  all  the  nanocomposites,  the 
PAni  is  also  observed  in  its  emeraldine  salt  form,  and  the  electronic 
transition  of  the  polaronic  band  (at  756  nm)  is  shifted  to  a  higher 
wavelength  (particularly  in  the  SWNTs/PAni  1:96),  indicating  that 
the  SWNTs  induce  a  more  delocalized  polaronic  structure  of  the 
PAni  [33,38].  Pictures  of  a  very  thin  and  transparent  film  of  the 
SWNTs/PAni  1:96  nanocomposite  deposited  over  a  flexible 


substrate,  as  well  as  of  the  SWNTs  and  all  the  SWNTs/PAni  nano¬ 
composites  prepared  in  this  work  deposited  over  glass  substrates, 
can  be  seen  in  Fig.  S4. 

The  thickness  of  the  nanocomposite  films  was  dependent  on  the 
SWNTs/aniline  ratio,  with  values  at  approximately  89  ±  24, 
127  ±  22  and  246  ±  65  nm  for  the  samples  SWNTs/PAni  1 : 16, 1 :96 
and  1:144,  respectively.  All  the  nanocomposites  were  very  thin, 
indicating  that  the  interfacial  system  is  an  excellent  way  to  produce 
films  on  the  nanoscale.  The  films  of  neat  PAni  and  SWNTs  displayed 
a  thickness  of  approximately  306  ±  56  and  98  ±  25  nm, 
respectively. 

Basic  electrochemical  characterization  was  performed  by  CV 
and  charge/discharge  measurements,  which  are  presented  in  Fig.  5. 
Both  neat  PAni  and  the  nanocomposites  presented  the  character¬ 
istics  peaks  of  the  conducting  polymer,  thereby  confirming  the 
electro  activity  of  the  polyaniline  (Fig.  5(a)).  The  redox  pairs 
assigned  to  the  leucoemeraldine/emeraldine  (A/A')  and  emer- 
aldine/pernigraniline  (D/D')  conversion  are  observed  at  approxi¬ 
mately  0.2  V  and  0.85  V,  respectively,  for  all  samples.  The 
intermediate  redox  pairs  (B/B'  and  C/C')  corresponding  to  the 
ortho-coupled  polymer  or  products  of  degradation  of  the  PAni  are 
also  observed  39,40].  In  the  voltammograms  of  all  the  nano¬ 
composites,  a  peak  at  approximately  0.92  V  is  observed,  unlike  for 
the  neat  PAni,  indicating  that  the  presence  of  the  SWNTs  in  the 
nanocomposites  stabilize  the  conducting  polymer  in  the  emer¬ 
aldine  form,  making  the  formation  of  the  pernigraniline  form 
difficult  [22  .  This  electrochemical  behavior  can  be  attributed  to  the 
SWNTs  stabilizing  the  polaronic  structure  of  the  emeraldine  salt, 
which  is  responsible  for  the  increased  oxidation  resistance  of  the 
PAni  to  its  pernigraniline  form,  as  observed  from  the  higher 
oxidation  potential  in  the  nanocomposites.  Furthermore,  the 
nanocomposite  SWNTs/PAni  1 :96  presented  a  higher  current  den¬ 
sity,  even  though  it  has  fewer  aniline  moieties  than  the  1:144 
nanocomposite.  This  behavior  can  be  attributed  to  all  the  electro¬ 
active  material  in  the  1 :144  nanocomposite  not  being  used  due  to 
the  formation  of  a  thick  layer  of  PAni  (as  seen  by  SEM)  that  pre¬ 
cludes  penetration  of  the  electrolyte  [41]. 

The  volumetric  specific  capacitance  for  the  nanocomposites  and 
for  neat  PAni  was  calculated  from  equation  (1): 

Cv  =  (t  x  i)  -r-  (AE  x  v)  (1) 

where  Cv  is  the  volumetric  specific  capacitance  (F  cm-3),  t  is  the 
discharge  time  (s),  i  is  the  applied  charge/discharge  current  (A)  and 
A E  is  the  variation  of  the  potential  (V)  during  discharge  [42].  The 
specific  capacitance  was  calculated  by  volume  because  this  feature 
is  most  significant  for  a  thin  film  pseudo-capacitor,  while  a  mass 
assessment  could  be  estimated  by  an  unconventional  method.  The 
Cv  in  the  second  charge/discharge  cycle  was  38.09,  184.75,  34.91 
and  29.90  F  cm-3  for  the  composites  with  SWNTs/PAni  ratios  of 
1:16, 1:96, 1:144  and  for  neat  PAni,  respectively  (Fig.  5(b)).  These 


Fig.  2.  TEM  images  of  the  samples:  (a)  SWNT,  (b)  SWNT/PAni  1:16  and  (c)  SWNT/PAni  1:96. 
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Fig.  3.  (a)  Raman  spectra  (1.96  eV)  of  the  samples:  (I)  SWNT;  (II)  SWNT/PAni  1:16;  (III)  SWNT/PAni  1 :96  and  (IV)  SWNT/PAni  1:144;  (b)  details  of  the  Raman  spectra  between  1000 
and  1725  cm-1. 


differences  in  the  Cv  of  the  nanocomposites  can  be  explained  ac¬ 
cording  to  the  SWNTs/aniline  ratio,  in  which  the  sample  with  the 
lower  SWNTs/aniline  ratio  (SWNT/PAni  1:16)  has  a  small  pseudo¬ 
capacitance,  while  that  with  a  ratio  of  1:96  presented  a  higher 
charge/discharge  time  (Fig.  5(c)).  In  the  composites  with  higher 
SWNTs/PAni  ratios,  the  excess  polymer  decreases  the  pseudo¬ 
capacitance,  a  behavior  that  can  be  attributed  to  the  hindrance  of 
the  electrolyte  permeation  through  the  active  material  due  to  the 
existence  of  a  shell  of  PAni,  as  confirmed  by  the  SEM  and  CV  results. 
Furthermore,  the  Cv  of  the  SWNTs/PAni  1:96  nanocomposite 
compared  to  that  of  the  neat  PAni  (which  contains  the  same 
amount  of  aniline)  is  6  times  higher,  indicating  that  the  presence  of 
SWNTs  improves  the  capacitance  because  for  several  reasons,  such 
as  the  presence  of  pores  between  the  carbon  nanotubes  that 
facilitate  the  electrolyte  permeation  during  the  charge/discharge 
process  and  the  excellent  conductivity  and  interconnectivity 
credited  to  the  SWNTs  [41-43]. 

Considering  that  the  connectivity  and  the  porosity  of  the  carbon 
nanotubes  network  are  strictly  dependent  on  their  dimensions 
(aspect  ratio),  the  volumetric  specific  capacitance  of  the  SWNTs/PAni 
1 :96  composite  was  compared  with  two  other  composites  synthe¬ 
sized  with  a  commercial  sample  of  multiwall  carbon  nanotubes 
(MWNTscommerdai)  and  a  home-made  multiwall  carbon  nanotubes 


filled  with  an  iron  species  (MWNTs-Fe)  [26]  using  the  same  amount 
of  aniline  as  in  the  SWNTs/PAni  1 :96  sample.  Comparing  the  three 
samples  of  carbon  nanotubes,  the  aspect  ratio  decreases  in  the 
following  manner:  SWNTs  >  MWNTsCOmmerdai  >  MWNTs-Fe.  The 
thicknesses  of  these  nanocomposite  thin  films  were  168  ±  42  and 
411  ±  100  nm  for  the  MWNTsCOmmerdai  and  MWNTs-Fe,  respectively, 
with  Cv  values  of  66.80  and  33.95  F  cm-3  (Fig.  6(a)),  respectively. 
Although  the  charge/discharge  time  of  the  MWNTs-Fe/PAni  nano¬ 
composite  was  higher  than  the  one  synthesized  with  the 
MWNTscommerdai  (Fig.  6(b)),  its  Cv  was  smaller  due  to  its  large 
thickness.  The  Cv  of  the  SWNTs/PAni  nanocomposite  was  superior 
when  compared  to  the  MWNT  samples.  Such  behavior  can  be 
attributed  to  the  different  aspect  ratios  of  the  carbon  nanotubes. 
Because  the  SWNTs  have  a  higher  aspect  ratio,  a  higher  number  of 
tube/tube  connections  is  expected,  enhancing  the  network  porosity 
[44]  and  resulting  in  a  hybrid  material  with  improved  conductivity 
and  more  accessible  pores  for  intercalation  and  depletion  of  charges. 
Although  the  SWNTs  arrange  themselves  into  bundles,  they  provide 
more  current-carrying  channels  due  to  the  elevated  number  of  car¬ 
bon  nanotubes  on  the  surface  45]. 

The  influence  of  the  number  of  layers  of  SWNTs/PAni  1:96 
deposited  over  glass  substrates  (and  neat  PAni  for  comparison)  on 
the  capacitive  properties  were  investigated  by  galvanostatic 
charge/discharge  measurements.  The  charge/discharge  time  of  the 
nanocomposite  was  directly  proportional  to  the  number  of  layers 
deposited  over  the  substrate  (Fig.  6(c)).  For  neat  PAni,  the  charge/ 
discharge  time  increased  up  to  two  layers,  but  no  significant  in¬ 
crease  is  observed  in  the  third  layer,  indicating  a  possible 
obstruction  of  the  electrolyte  motion.  As  expected,  the  thickness  of 
the  nanocomposite  increases  with  the  number  of  layers.  The  values 
found  were  approximately  173  ±  14, 416  ±  80  and  533  ±  69  nm  for 
1,  2  and  3  layers  of  nanocomposite,  while  for  neat  PAni,  the  values 
were  approximately  328  ±  33,  567  ±  167  and  680  ±  96  nm  for  1,  2 
and  3  layers,  respectively.  The  volumetric  specific  capacitance  of 
the  nanocomposite  remained  practically  unchanged,  despite  the 
number  of  thin  layers,  indicating  that  the  porous  structure  of  the 
nanocomposite  produced  by  the  interfacial  method  was  main¬ 
tained,  allowing  the  properties  of  the  thin  film  to  manifest  three- 
dimensionally. 

A  digital  picture  of  the  SWNTs/PAni  pseudo-capacitor  can  be 
observed  in  Fig.  7(a).  A  very  thin  and  transparent  film  deposited 
over  the  flexible  substrate  is  observed.  The  thickness  of  the  device 
can  be  attributed  to  the  substrate  and  the  electrolyte,  and  the 
pseudo-capacitor  shows  a  high  flexibility  when  twisted  or  folded. 

The  electrochemical  behavior  of  the  all-solid  capacitor  in  the 
presence  of  SWNTs/PAni  thin  films  was  completely  different  than 
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Fig.  5.  (a)  CV  curves  in  the  range  of  -0.2-0.95  V  at  scan  speed  of  20  mV  s-1;  (b) 
specific  capacitance  (F  cm-3)  and  thickness  (nm)  for  samples  with  different  SWNT / 
aniline  ratios  and  (c)  charge/discharge  times  for  samples  with  different  SWNT/aniline 
ratios. 


Fig.  6.  (a)  Specific  capacitance  (F  cm-3)  and  thickness  (nm)  and  (b)  charge/discharge 
times  for  samples  obtained  with  different  CNT;  (c)  the  dependence  of  charge/discharge 
time  for  the  number  of  layers  of  PAni  and  SWNT/PAni  1 :96. 


the  control  device,  built  with  only  electrolyte  sandwiched  between 
the  two  plastic  substrates  (Fig.  7(b)).  In  the  cyclic  voltammetric 
curve  of  the  control  sample,  no  pseudo-capacitive  behavior  is 
observed,  while  in  the  SWNTs/PAni,  a  capacitive  current  is  evi¬ 
denced,  with  the  presence  of  two  redox  pairs.  This  behavior  in¬ 
dicates  that  even  though  the  CV  of  the  all-solid  device  is  different 
than  the  electrode  in  solution,  the  SWNT/PAni  still  shows  pseudo- 
capacitive  behavior.  The  electrochemical  behavior  was  affected 


during  and  after  mechanical  deformation  (twisting  process),  as 
shown  in  the  profile  of  the  CV  curves  (Fig.  7(c)).  The  two  redox  pairs 
that  are  not  clearly  observed  when  the  device  is  straight 
(AEp  =  0.104  V)  are  more  defined  during  and  after  the  twisting 
process.  During  the  twisting  process,  the  two  redox  pairs  are  more 
separated  (AEp  =  0.16  V),  indicating  a  more  difficult  redox  process. 
After  the  mechanical  deformation,  the  two  redox  pairs  remain  well- 
defined,  with  lower  AEp  values  (AEp  =  0.085  V),  indicating  a  higher 
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Fig.  7.  (a)  Digital  images  of  the  SWNT/PAni  1:96  nanocomposite  deposited  over  PET  and  the  all-solid  device  straighten,  twisted  and  folded;  (b)  CV  curves  in  the  range  of  0-0.8  V  at 
scan  speed  of  10  mV  s-1  of  the  devices  with  and  without  SWNT/PAni  1 :96  nanocomposite;  (c)  charge/discharge  galvanostatic  measure  of  the  device;  (d)  CV  curves  of  the  device  over 
different  mechanical  deformations;  (e)  CV  and  (f)  CD  curves  of  the  device  for  different  numbers  of  mechanical  deformations. 


reversibility  of  the  redox  process.  The  charge/discharge  profile  of 
the  device  was  almost  the  same  as  that  of  the  nanocomposite  in 
aqueous  solution  (Fig.  7(d)).  The  charge/discharge  time  was  un¬ 
changed  in  the  three  configurations  (straight,  twisted  and  after 
twisting),  indicating  that  the  pseudo-capacitive  behavior  was 
maintained.  The  volumetric  specific  capacitance  after  twisting  was 
76.7  F  cm-3.  The  CV  and  charge/discharge  profiles  over  subsequent 
mechanical  deformations  were  slightly  changed  (Fig.  7(e)  and  (f), 
respectively).  In  the  CV,  the  same  profile  is  retained  until  after  40 
processes  of  deformation,  and  then  AEp  increased.  The  charge/ 
discharge  time  remained  approximately  360  s,  dropping  to  312  s 
after  100  twisting  processes.  A  decrease  of  16%  in  the  volumetric 
specific  capacitance  was  observed,  indicating  a  short  reduction  in 
the  capacitive  properties  of  the  SWNTs/PAni  device.  This  behavior, 
however,  should  be  more  associated  to  problems  related  to  the 
electrolyte  (loss  of  adherence  or  conductivity)  than  to  the  nano¬ 
composite  itself.  The  charge-discharge  stability  of  the  all-solid  de¬ 
vice  (straighten)  was  maintained  in  88%  after  1000  cycles  (Fig.  S5). 

The  electrochemical  impedance  spectroscopy  (EIS)  was 
employed  to  the  SWNT/PAni  1:96  nanocomposites  (over  the  FTO 


electrode  and  the  all-solid  device)  once  this  is  a  powerful  technique 
to  evaluate  the  impedance  resistance  in  electrochemical  systems. 
Both  Nyquist  plots  (Fig.  8(a))  present  an  arc  instead  a  semicircle  in 
the  high  frequency  region,  which  can  be  attributed  to  a  low  elec¬ 
tronic  resistance  due  to  the  presence  of  SWNT  [46—48].  The  War¬ 
burg  impedance  (which  is  frequently  observed  as  a  straight  line 
with  slope  of  45°)  is  not  clearly  seen  in  Fig.  8(a).  This  result  in¬ 
dicates  a  very  small  resistance  (in  high  frequency)  due  to  the 
movement  of  ions  from  the  electrolyte  to  the  porous  structure  of 
the  nanocomposite  [49].  The  EIS  curves  for  both  the  FTO  electrode 
and  all-solid  device  present  a  vertical  line  in  low  frequency  with  a 
fast  increase  of  the  imaginary  part,  indicating  a  high  capacitive 
behavior  and  ion  diffusion  on  the  structure  of  the  nanomaterial 
[11,48,49].  The  equivalent  circuit  of  the  Fig.  8(b),  was  used  as  model 
to  calculate  the  value  of  charge-transfer  resistance  {Rc t)  and  the 
contact/electrolyte  resistance  ( Rs ).  This  circuit  presents  the  contri¬ 
bution  of  both  the  double-layer  and  the  pseudocapacitive  behavior. 
The  Rs  value  found  for  the  nanocomposite  over  FTO  electrode  was 
50.3  Q,  and  for  the  nanocomposite  in  the  all-solid  capacitor  was 
604  O,  The  difference  can  be  attributed  to  the  partially  insulating 
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substrate  along  with  a  low  permeable  gel  electrolyte  (PVA)  in  the 
solid  state  device.  On  the  other  hand,  the  EIS  analysis  presents 
lower  values  of  Rct  for  both  FTO  electrode  (4.8  Q)  and  the  all-solid 
device  (23.2  Q),  indicating  the  good  conductivity  and  a  great 
reversibility  of  the  faradaic  reactions  for  SWNT/PAni  nano¬ 
composites  [49]. 

The  best  values  reported  here  for  the  volumetric  specific 
capacitance  of  both  the  electrode  (184.75  F  cm-3)  and  the  all-solid 
capacitor  (76.7  F  cm-3)  are  very  promising  results  compared  with 
other  systems  previously  reported,  such  as  hierarchical  structures 
of  graphene/polyaniline/carbon  nanotubes  (188  F  cm-3)  and  gra¬ 
phene/polyaniline  (153  F  cm-3)  composites  [42],  multi-walled 
carbon  nanotubes/polyaniline/MnCb  ternary  coaxial  nano¬ 
structures  (296  F  cm-3)  [50],  layer-by-layer  structures  of  MWNTs / 
graphene  oxide  (58  F  cm-3)  and  MWNTs/chemically  reduced  gra¬ 
phene  (144  F  cm-3)  [51]  and  polypyrrole/carbon  nanotubes 
(67  F  cm-3)  and  poly  pyrrole/carbon  nanotubes  between  graphene 
nanosheets  (122  F  cm-3)  [52],  even  though  high  values  of  the 
volumetric  specific  capacitance  have  been  reported  for  polyaniline/ 
carbon  nanotube  array  (PAni/CNTA)  composite  electrodes 
(approximately  500  F  cm-3)  [41].  The  retention  of  the  capacitive 
behavior  of  the  all-solid  device  (84%)  after  100  mechanical  de¬ 
formations  (twisting  process)  is  also  interesting  compared  to  other 
all-solid  devices  such  as  MWNTs/PAni  (92%  after  50  bending  cycles) 
[16]  and  MnCh/CNTs  (99%  after  100  bending  cycles)  [17].  The  energy 
and  power  density  (Ragone  plot)  of  the  SWNT/PAni  nanocomposite 
and  the  comparison  to  similar  materials  reported  in  literature  are 
plotted  in  the  Fig.  8(c),  showing  promising  results. 

The  great  novelty  of  the  all-solid  capacitor  prepared  in  the 
present  work  compared  to  other  devices,  even  though  it  is  not 
completely  optimized,  is  the  use  of  a  novel  and  a  very  thin  and 
freestanding  film  of  SWNTs/PAni  nanocomposite,  starting  from  a 
small  amount  of  reactants.  The  liquid-liquid  interface  methodol¬ 
ogy  adopted  to  prepare  the  nanocomposite  thin  films  allows  their 
deposition  over  a  myriad  of  plastics  substrates,  as  well  as  the 
establishment  of  different  architectures  for  the  devices,  thereby 
establishing  a  new  concept  for  ultrathin  capacitors. 

4.  Conclusions 

The  synthesis  and  characterization  of  SWNTs/PAni  nano¬ 
composites  through  interfacial  polymerization,  as  well  as  the 
pseudo-capacitive  behavior  of  these  films,  have  been  reported  and 
discussed  in  this  paper.  The  method  presented  here  is  a  simple  way 
to  obtain  a  very  thin  and  freestanding  film  that  can  be  directly 


deposited  over  different  substrates.  The  presence  of  the  SWNTs  in 
the  nanocomposites  clearly  improves  the  pseudo-capacitive  prop¬ 
erties  of  the  PAni,  even  when  compared  with  other  types  of  carbon 
nanotubes.  The  manufacturing  of  a  thin  and  flexible  all-solid  device 
from  SWNTs/PAni  nanocomposites  indicates  the  great  potential  of 
this  methodology  in  the  field  of  capacitors  and  to  produce  these 
nanomaterials  as  integrated  parts  of  ultrathin  electronic  devices. 
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